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ABSTRACT

DksA, a global gene regulator, binds to RNA polymerase to regulate transcription initiation in
Escherichia coli. It negatively regulates transcription of some genes, such as those for ribosomal
RNAs and fis, and positively regulates transcription of other genes, including genes involved in
amino acid biosynthesis. Little is known about how DksA itself is regulated. Current work in
our lab has shown three major promoters, a σ70 dependent P1 promoter and two σ38 (RpoS)dependent promoters (P2 and P3), regulate the transcription of dksA. More is currently known
about the regulation of the P1 than of the P2 and P3 promoters. This work focuses on increasing
our understanding of how dksA P3 promoter may be regulated. More specifically, we wished to
investigate 1) if DksA regulates the transcription of dksA P3, 2) if dksA P3 requires a -35
promoter region, and 3) if there are upstream promoter sequences that are involved in the
regulations of transcription of dksA P3. To this end, I generated a nested set of deletions of the
region upstream of dksA P3 using PCR, cloned the DNA fragments on a plasmid DNA to fuse the
promoters to the lacZ reporter gene, moved the lacZ fusions onto a l bacteriophage DNA by
homologous recombination, and then integrated the recombinant l bacteriophage DNA onto the
E. coli chromosome as a single copy. Results from b-galactosidase assays in wild type and
∆dksA strains showed that: 1) DksA stimulates transcription of the dksA P3 promoter, 2)
transcription of dksA P3 does not require a -35 promoter sequence, and 3) the region upstream of
-100 and of -75 (relative to the dksA P3 transcription start site), appear to be involved in negative
and positive regulation of dksA P3, respectively. Inspection of the DNA sequences in these
regions revealed potential binding sites for the transcription regulators SoxS, LexA in the region
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upstream of -100, and for cpxR in the region upstream of -75. This work has broadened our
understanding of how dksA P3 may be regulated and, by inference, how DksA protein expression
may be controlled in the cell.
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SPECIFIC AIMS
The broad aim in this project is to increase our understanding of how the bacterial transcriptional
regulator DksA is controlled in Escherichia coli. The specific aims of this work are to:
1) probe into the possible effect that DksA may have on the regulation of the dksA P3 promoter.
2) examine whether a -35-promoter region is required for the function of the dksA P3 promoter.
3) examine the possibility that DNA sequences upstream of the dksA P3 promoter may play a
role in controlling its transcription.
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INTRODUCTION
Bacteria display an amazing capacity to adapt to fast changes in the environment to either
protect themselves from damaging effects of those changes (which cause stress) or to take
advantage of those changes to thrive in the new environment. [34] Examples of environmental
stress conditions include nutrient starvation (e.g. amino acid, carbon, nitrogen, and phosphate
starvation), fast temperature shifts, oxidative stress, osmotic stress, pH stress, DNA damaging
agents, and antimicrobial agents. [10] In order to survive these conditions of stress, bacteria must
be able to sense the environmental change and quickly respond in a manner that allows them to
ameliorate the threat presented by the stressor. One well-studied example of how cells respond to
stress is known as the stringent response. [11, 12, 22]

The Stringent Response
When cells encounter conditions of amino acid starvation, uncharged tRNA levels accumulate.
Binding of uncharged tRNAs to their cognate codons within the A site of the translating
ribosomes causes ribosomes to stall and signals the ribosome-associated protein RelA to actively
synthesize large quantities of guanosine tetraphosphate (ppGpp) or guanosine pentaphosphate
(pppGpp) (Fig. 1). [31] A second enzyme, SpoT, exhibits ppGpp hydrolase activity, which
catalyzes the breakdown of ppGpp, as well as a synthetase activity, which catalyses the synthesis
of ppGpp. SpoT responds to various conditions of stress (e.g., slow growth, oxidative stress,
osmotic stress, or pH stress) by shifting toward greater ppGpp synthetase activity. [4, 9, 11, 12] The
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regulation of SpoT activity is not well
understood, but likely involves
conformational changes in the enzyme
in response to various stress factors. [4]
Binding of ppGpp to RNA polymerase
causes transcriptional repression of a
number of genes required for fast
growth (such as ribosomal RNA,
transfer RNA, Fis, translation factors
and fatty acid biosynthesis) and to

Figure 1. The Stringent Response.

stimulate transcription of genes that may contribute to viability under stress conditions (e.g
amino acid-biosynthetic genes, proteases, stress sigma factor RpoS, several stress protein genes).
[30]

This entire process is generally known as the stringent response. In more recent past, a

protein known as DksA was shown to be also involved in the stringent response.

[22]

Understanding how DksA functions has been a subject of much investigation.
DnaK suppressor protein A (DksA)
DksA received its name as DnaK Suppressor protein A because it was first discovered as
a bacterial protein that, when overexpressed from a multicopy plasmid, suppresses the
temperature-sensitive growth and filamentation phenotypes of a dnaK deletion strain (∆grpE280).
[14]

DnaK is a Hsp70 (70 kDa heat shock protein) chaperone in E. coli, which is assists in the

folding of nascent polypeptides, rescue of misfolded proteins, and protein secretion. It is essential
for growth at 41.5°C and for reducing bacterial filamentation. [14] The mechanism underlining the
phenotypic suppression of ∆dnaK by DksA is still not understood. Some of the phenotypes of
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∆dksA strains include slow growth in minimal medium supplemented with amino acids and no
growth in absence of amino acids. The very high levels of ribosomal RNA production in ∆dksA
strains together with some of its other phenotypes drew an interest in the further study of the
function of DksA.
Various investigators conveyed
their findings on the role of DksA in
negatively regulating the
transcription initiation of RNA
polymerase at the ribosomal RNA
promoter rrnB P1 in E. coli and
Pseudomanas aeruginosa [25, 27, 28]
DksA was shown to be required for
the growth rate-dependent regulation

Figure 2. Schematic representation of DksA and ppGpp
binding to RNA polymerase (RNAP). DksA can stimulate or
repress transcription initiation of some genes, depending on
their promoter DNA sequences.

of ribosomal RNA synthesis and for the negative regulation of rrnB P1 in the stringent response
(Paul, et al). DksA was found to bind directly to the RNA polymerase and acts synergistically
with the stress-response alarmone ppGpp to control ribosomal RNA transcription in vivo and in
vitro (Fig. 2). [26] Various investigations provided evidence that DksA binds RNA polymerase
through the secondary channel, which is the channel by which nucleotide triphosphates reach the
active site of this enzyme. [24, 27, 37] By decreasing the half-life of RNA polymerase to the rrnB P1
promoter, DksA represses the transcription initiation at this promoter. [25, 26]
Mallik et al demonstrated that DksA acts on the Pfis promoter to repress transcription, in
vivo and in vitro. [22] As in the case of the rrnB P1 promoter, DksA decreases the lifetime of the
RNA polymerase-promoter complex at the Pfis promoter, and works together with ppGpp to
9

negatively regulate transcription during the stringent response. DksA is also required for the
growth rate control and the growth phase-dependent expression patters of the fis promoter. Since
Fis is a stimulator of rrnB P1 transcription, it makes sense that DksA, which repressed rrnB P1
transcription, also represses fis transcription.
DksA and ppGpp are also able to stimulate transcription of amino acid-biosynthetic
genes. [26] Under conditions of amino acid starvation, the activation of several amino acid
biosynthetic genes by DksA and ppGpp offers a strategy by which to generate sufficient amino
acid levels to sustain viability during such harsh conditions. The activation of genes encoding
for proteases represents an even more drastic strategy by which to further generate amino acids.
[32]

Finally, the enhanced DksA and ppGpp-dependent production of RpoS, the stress response

sigma factor, triggers a cascade of gene-regulatory events that more widely increases the cellular
fitness to the conditions of stress. The mechanism of DksA function to stimulate or repress
transcription is likely to differ depending on the specific DNA sequence and kinetic properties of
each promoter. [1] In the case of the stimulation of RpoS, the effects of DksA and ppGpp are
detected at the translational level, suggesting that their effects are mediated via other yet
unknown, factors.
Over 300 E. coli genes have been found to be regulated by DksA, directly or indirectly. [1]
Over 200 of these genes were regulated independently of ppGpp and, in some cases, the
regulatory effects of DksA were opposite to those of ppGpp. [1, 21] Thus, whereas high levels of
ppGpp resulting from conditions of stress may enhance the transcription regulatory functions of
DksA at a subset of DksA-regulated promoters, a large number of genes are regulated by DksA
independently of ppGpp. This raises the likely possibility that, besides the effects that changing
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ppGpp levels may have some certain DksA gene-regulatory functions, other ppGpp-independent
mechanisms of DksA regulation exist to control the function of this protein.
Regulation of DksA
A common bacterial strategy employed to control the protein function is to control the
expression of the protein. Western blots used to detect DksA levels in Pseudomonas aeruginosa
clearly showed that much higher levels of DksA are produced during the exponential growth
phase in rich medium, compared to cells in the stationary phase, suggesting the existence of
regulatory mechanisms to control its expression (Fig. 3). [28] Previously reported western blots
that measured DksA levels in E. coli indicated relatively small changes (within 2-fold) in E. coli
during growth in different growth stages, leading to the suggestion that DksA levels remain
relatively constant throughout growth in E. coli. [25] As is commonly practiced in many western
blot analyses, a constant amount of total cellular protein taken from the different cell samples
was loaded in each lane. However, because substantial changes in the total cellular protein
concentration occurs during the growth of a bacterial culture, our lab revisited the western blot
quantitation of DksA using an approach in which DksA is normalized per cells mass (based on
OD600 readings). [2] This approach showed that DksA levels increase over 5-fold during the
exponential growth phase compared to cells in stationary phase (Fig. 3). These observations are
consistent with what has been observed in P. aeruginaosa and are indicative of the existence of
regulatory processes to control the cellular DksA levels.
It is of interest to understand how the DksA expression is regulated in bacteria, as this is
would also control its ability to function. In order to identify the promoter(s) responsible for
transcribing dksA, an S1-nuclease mapping analyses was performed by Daniel Woods in our lab
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Figure 3. E. coli DksA levels vary during growth of culture. The
dotted line represents the growth of an E. coli culture based on
OD600 readings. The solid line represents the relative cellular DksA
levels during growth. Maximal DksA levels were arbitrarily
assigned a 100% value, and all other levels are shown relative to this
value.

to identify the predominant dksA transcription start sites (Fig 4). Three primary start sites were
identified: one initiating at -53 nucleotides, another at -145 nucleotides, and a third at -475
nucleotides relative to the start of the dksA gene (Fig. 4). b-galactosidase activity of DNA
fusions to lacZ demonstrated that these three DNA regions carry significant promoter activity.
The promoters are named in the order of their distance from the dskA gene as dksA P1, dksA P2,
and dksA P3. dksA P1 is the primary exponential growth phase promoter (Fig. 4). It is highly
active in transcription during early to mid-exponential growth phase, but sharply decreases
during late exponential growth phase and stationary phase. Transcription from dksA P2 is
transiently transcribed during entry into stationary phase, and the dksA P3 transcription increases
during entry into stationary phase and persists during stationary phase. Thus, the transcription of
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dksA is control by at least three temporal promoters that are sequentially active at different times
during the growth of a culture.

Figure 4. S1 nuclease mapping of dksA transcript start sites. A 32P-labeled DNA probe was
used that extends from the dksA gene all the way through the upstream gene called sfsA. The probe
is allowed to hybridized with total cellular RNA and then treated with S1-nucease, which cleaves
away single-stranded DNA and RNA, leaving only the double stranded hybrids intact. The results
are shown in the denaturing urea gel on the left. The first lane on the left shows the probe alone.
The next four lanes are the products of DNA sequencing reactions used to map the transcript start
site positions. The next 6 lanes contain the transcript signals detected by the S1-nucelase analysis
during various times of growth in rich medium.
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Transcription regulation of dksA promoters
Some attention has been paid to the transcriptional regulation of the P1 promoter (Fig. 5).
DksA and ppGpp were shown to negatively regulate transcription from this promoter during the
stringent response. [9, 20, 25] DksA also autoregulates transcription from P1 during growth in rich
medium, when ppGpp levels are known to be low. [1, 6, 22] Our lab has also shown that the
transcription activator protein CRP stimulates transcription from this promoter, while the
transcription regulators Fis, Lrp, and IHF exert negative control of transcription. Each of these
regulators show different expression levels in response to different conditions of growth. [2] For
instance, Fis and Lrp levels are highest under nutritionally rich growth conditions, suggesting
that these regulators act to down-regulate transcription of dksA P1.

DksA

ppGpp

CRP

Fis
Lrp
IHF

sfsA

P2

P3

P1
dksA

Figure 5. Regulation of dksA P1 by various transcription factors. CRP exhibits positive regulation,
whereas ppGpp, DksA, Fis, Lrp, and IHF exerts negative control. ppGpp: guanosine tetra phosphate;
DksA: dnaK suppressor protein A; CRP: cyclic AMP receptor protein; Fis: factor for inversion
stimulation; Lrp: Leucine-responsive regulator protein; IHF: integration host factor.

14

The function of CRP is activated by its association with cyclic AMP. The cAMP levels increase
when glucose is absence in the environment and
transcription (conducted by Daniel Woods in our lab) is shown (Fig. 6). These results show that
alternative sources of carbon are
used. [15] This suggests that DksA
expression is stimulated under
conditions when glucose is absent in
the nutritional environment.
Interestingly, a large number of
genes that are up-regulated by DksA
are also up-regulated by CRP,
suggesting that DksA and CRP
collaborate in regulating a number
of genes in E. coli. [1]
Much less is known concerning
the regulation of the dksA P2 and P3
promoters. Our lab has shown that
transcription of these promoters is
dependent on the stationary phase
sigma factor RpoS. To illustrate this
effect, the results of a primer
extension analysis to detect dksA P3

Figure 6. Effect of RpoS on dksA P3. Primer extension reactions
were conducted using total RNA from wild type and ∆rpoS strains
and a 32P-labeled DNA primer that anneals at +106 to +86 relative
to the start of the dksA P3 start site. The first 4 lanes on the left are
products of DNA sequencing reactions used to map the position of
the transcript start site. The next six lanes are the primer extension
reactions from wild type cells at various times of growth in Rich
medium. The right-most 6 lanes are the primer extension reactions
from ∆rpoS cells at various times of growth in rich medium. The
arrow points to the position of the dksA P3 transcript signal which
starts with a G nucleotide 475 bases upstream of the dksA gene.

the dksA P3 transcript is well expressed in during stationary phase in wild type cells but not in
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∆rpoS cells. RpoS is also known as the stress sigma factor because it is often present in higher
concentrations under conditions of stress in order to stimulate transcription of a number of stressrelated genes. [5, 36] Therefore, it may be expected that may be expected that the dksA P2 and P3
promoters may also be stimulated under various conditions of stress.
My work focused on gaining insight on how transcription on the P3 promoter might be
regulated, as this will increase our understanding of how the bacterial transcriptional regulator
DksA is controlled in E. coli. Upon inspecting the DNA sequence preceding the dksA P3
transcription start site, we identified a good match to a -10 promoter region but no recognizable
match to a -35 promoter sequence at the expected distance if 17 base pairs from the -10 region
(Fig. 7). A reasonable match to a -35 promoter sequence seems to be located too far upstream of
the -10 region to be functional. There is, however, a C nucleotide preceding the -10 region that

Figure 7. DNA Sequence of dksA P3 promoter. The red box represents a good -10 promoter region.
The expected -35 promoter region shows no good matches. A good -35 promoter sequence (shown in
the blue dashed box) is too far to be functional. A C nucleotide preceding the -10 promoter region
shows promise for some stationary phase promoters that may not require a good -35 region.

is characteristic of some stationary phase promoters that are able to function with no
recognizable -35 promoter region. [18, 38] Therefore, to better define the dksA P3 promoter, we
wished to determine if there is a -35 sequence that is required for functioning of this promoter.
We also wished to learn if are there other upstream DNA regulatory sequences for P3 promoter.
Such sequences often act as binding sites for other transcriptional regulators and would,
16

therefore, provide new clues as to how dksA is regulated in E. coli. In addition, seeing that DksA
negatively affects transcription on the P1 promoter, we wished to examine for any effect that
DksA might have on the transcription of the P3 promoter. To investigate these questions, I
generated a nested set of deletions of DNA regions upstream of the dksA P3 promoter, fused
them to the lacZ reporter gene, placed the fusions on the bacterial chromosomes of wild type and
∆dksA cells, and measured the relative transcriptional activities of each of these constructs using
b-galactosidase activity assays.
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MATERIALS AND METHODS

Chemicals and enzymes.
All chemicals used in this work were purchased from Sigma-Aldrich Chemicals. Highfidelity Taq DNA polymerase and T4 DNA Ligase kits were from Bio-Rad. Restriction enzymes
were from New England BioLabs. Growth media were from Difco Laboratories.
Bacteria, bacteriophage, and plasmids.
Bacterial strains were obtained from various other laboratories or constructed in our lab, in
some cases as part of this work (Table 1). RO1244 is a lac- strain that is otherwise wild-type for
all other genes. We refer to this strain in this work as “wild-type”. RO1250 strain is referred to as
∆dksA, and RO1486 is referred to as ∆rpoS. RO1487 carries the dksA P2 and P3 promoters fused
to lacZ (Fig. 8) on lRO235 bacteriophage lambda DNA,
which is stably inserted into the chromosome of RO1244.
RO1494 carries lRO235 bacteriophage lambda DNA
inserted within the chromosome of RO1250.

Figure 8. Scheme of dksAP2
P3::lacZ fusion carried in both WT
and ∆dksA strains.

In order to make plasmids pRO620, 621, 622, 623, 624, 647 and 649, a set of DNA
fragments carrying various regions upstream of dksA P3 (with boundaries at -350, -250, -150, 100, -75, -25, and -48 relative to the transcription start site, respectively) were cloned into the
EcoRI and HindIII sites of pRO556 to create lacZ fusions to these promoters (Table 1). pRO556
is a modified version of pMS415, which carries the pUC18 multiple cloning sites within the EcoRI
and Hind III sites of pMS415. [35] The resulting engineered plasmids were transformed into RJ1003
strain to create strains RO1901, 1902, 1902, 1904, 1905, 2000, and 2002, as represented in Table
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1. Each of these strains was infected with bacteriophage lambda lRS45, which allows for
homologous recombination to occur between the promoter-lacZ fusion in the pRO556-derived
plasmids and the lambda DNA. [35] Recombinant l bacteriophage were screened by the appearance
of blue plaques in media containing X-Gal. The recombinant phage were then used to make
lysogens in RO1244 and RO1250 strains (Table 1). Lysogens were made by spotting the
recombinant bacteriophage l onto a lawn of RO1244 or RO1250 and incubated at 37°C to allow
plaque formation. Lysogens formed within the plaque were streaked onto LB plates containing
X-Gal.

Blue colonies, which carried the recombinant bacteriophage l inserted within the

chromosome, were re-streaked several times to purify the blue colonies from the white colonies
(which carried non-recombinant lRS45).
Bacteria and bacteriophage growth.
For most purposes, bacteria were grown in Luria Broth (LB) at 37°C with aeration. For
the b-galactosidase activity assays of the dksA P3 and P2 promoter fused to lacZ, bacteria were
grown in LB medium to saturation, inoculated into fresh LB medium at an OD600 of 0.05, and
grown for 4 hours at 37°C when cells have entered stationary phase, at which time cell samples
were assayed.
Bacteriophage l was grown by infecting RJ1003 strains at a 0.1 multiplicity of infection
(MOI), and plating in T-Top soft agar medium. [33] Plates were incubated at 37°C for 6-8 hours
until plaques were visible. The lysates were then soaked in 5 ml SMC buffer for 2-4 hours at
4°C, collected, vortexed in the presence of 100 µl chloroform, centrifuged at 4,000 rpm to
remove cell debris and transferred to a new sterile tube in the presence of 100 µl chloroform. [33]
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Table 1. Bacterial strains and plasmids used in this work
Strain

Description

Source

RJ1003

CSH26 ∆lac pro ara- strR

RC Johnson

RO1244

MG1655 lacZ, lacI, pyrE+ (VH1000)

RL Gourse

RO1250

RO1244 dksA::tet

R Osuna

RO1486

RO1244 rpoS::Tn10

R Osuna

RO1487

RO1244 lRO235 (-618 to -88 relative to dksA fused to lacZ)

R Osuna

RO1494

RO1250 lRO235 (-618 to -88 relative to dksA fused to lacZ)

R Osuna

RO1901

RJ1003 / pRO620

B Ikwuazom

RO1902

RJ1003 / pRO621

B Ikwuazom

RO1903

RJ1003 / pRO622

B Ikwuazom

RO1904

RJ1003 / pRO623

B Ikwuazom

RO1905

RJ1003 / pRO624

B Ikwuazom

RO2000

RJ1003 / pRO647

B Ikwuazom

RO2002

RJ1003 / pRO649

B Ikwuazom

RO2006

RO1244 lRO249 (dksA P3 from -350 to +88 fused to lacZ)

B Ikwuazom

RO2007

RO1244 lRO250 (dksA P3 from -250 to +88 fused to lacZ)

B Ikwuazom

RO2008

RO1244 lRO251 (dksA P3 from -150 to +88 fused to lacZ)

B Ikwuazom

RO2009

RO1244 lRO252 (dksA P3 from -100 to +88 fused to lacZ)

B Ikwuazom

RO2010

RO1244 lRO253 (dksA P3 from -75 to +88 fused to lacZ)

B Ikwuazom

RO2011

RO1244 lRO254 (dksA P3 from -48 to +88 fused to lacZ)

B Ikwuazom

RO2012

RO1244 lRO255 (dksA P3 from -25 to +88 fused to lacZ)

B Ikwuazom

RO2013

RO1250 lRO249 (dksA P3 from -350 to +88 fused to lacZ)

B Ikwuazom

RO2014

RO1250 lRO250 (dksA P3 from -250 to +88 fused to lacZ)

B Ikwuazom

RO2015

RO1250 lRO251 (dksA P3 from -150 to +88 fused to lacZ)

B Ikwuazom

RO2016

RO1250 lRO252 (dksA P3 from -100 to +88 fused to lacZ)

B Ikwuazom

RO2017

RO1250 lRO253 (dksA P3 from -75 to +88 fused to lacZ)

B Ikwuazom

RO2018

RO1250 lRO254 (dksA P3 from -48 to +88 fused to lacZ)

B Ikwuazom

RO2019

RO1250 lRO255 (dksA P3 from -25 to +88 fused to lacZ)

B Ikwuazom
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Plasmids

Description

pMS415

Plasmid used to construct operon fusions to lacZYA; ampR

R Simons

pR0533

pMS415 carrying DNA from +48 to -1181 relative to dksA

R Osuna

pRO556

pMS415 carrying the pUC18 EcoRI-HindIII multicloning region

D. Trufanoff

pRO620

pMS415 carrying dksA P3 -350/+88 region fused to lacZ

B Ikwuazom

pRO621

pMS415 carrying dksA P3 -250/+88 region fused to lacZ

B Ikwuazom

pRO622

pMS415 carrying dksA P3 -150/+88 region fused to lacZ

B Ikwuazom

pRO623

pMS415 carrying dksA P3 -100/+88 region fused to lacZ

B Ikwuazom

pRO624

pMS415 carrying dksA P3 -75/+88 region fused to lacZ

B Ikwuazom

pRO647

pMS415 carrying dksA P3 -25/+88 region fused to lacZ

B Ikwuazom

pRO649

pMS415 carrying dksA P3 -48/+88 region fused to lacZ

B Ikwuazom

Bacteriophage l preparations were tittered by spotting 10 µl of serial dilutions in SMC buffer
onto a lawn of RJ1003 cells made in T-Top soft agar.
Plasmid Preparation.
Small-scale plasmid preparation was performed by a variation of the alkali-SDS method
described by Sambrook et al. [33] A volume of 450 µl of saturated bacterial cultures were pelleted
by centrifugation for 1 minute at 14,000 rpm and re-suspended in 100 µl solution 1 (25 mM Tris,
pH 7.5, 0.9 % glucose, 1 mM EDTA) and mixed with 200 µl solution 2 (2 M sodium hydroxide,
1% 5 sodium dodecyl sulfate). After 10 minutes at room temperature, 150 µl of solution 3 (3 M
sodium acetate, pH 5.5) is added and mixed. After 5 minutes at room temperature, the
suspension is centrifuged at 14,000 rpm for 10 minutes. The supernatant is transferred to a new
tube and mixed with 160 µl saturated LiCl, incubated at -20°C for 15 min and centrifuged at
14,000 rpm for 10 min. To remove proteins and RNA, the supernatant was transferred to a new
tube, mixed with 300 µl Isopropanol at room temperature, and centrifuged at 10,000 rpm for 6
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minutes. The DNA pellet was dissolved in 100 µl H2O and re-precipitated by addition of 10 µl 3
M sodium acetate, pH 5.5 and 275 µl cold 95% ethanol, and placed at -80°C for 15 minutes to
precipitate the plasmid DNA. After centrifugation at 14,000 rpm for 10 minutes, the DNA pellet
was rinsed with 500 µl cold 70% ethanol and centrifuged as before. The DNA pellet was
vacuum-dried and resuspended in 20 µl TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA). To
confirm presence of the plasmid pRO556 and its respective DNA inserts, 10 µl of the plasmid
solution was digested with EcoRI and HindIII and separated by electrophoresis on a 5%
polyacrylamide gel.
Generating Deletions by PCR.
Polymerase chain
reactions were performed
for 40 cycles each
according to the
specifications of the
manufacturer and using
their supplied buffer and
Hi-fidelity Taq
Polymerase, using
annealing temperatures that
were within 5 °C below the
lowest of the melting
temperatures of the

Figure 9. Schematic representation of the PCR strategy to
generate deletions in the region upstream of dksA P3 promoter.
The top panel represents the chromosomal regions containing the dksA
and sfsA genes. The middle section represents a magnified region of
the dksA P3 region. The black rectangle represents the dksA P3 -10
promoter region. The arrow above and below the line represent
relative positions of primers used in the PCR. The numbering
represents nucleotide positions relative to the dksA P3 transcription
start site. The lower section represents the various DNA fragments
generated by PCR, which generate a nested set of deletions in the
region upstream, of the dksA P3 promoter.
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oligonucleotides used. Seven different polymerase chain reactions (PCR) were conducted to
generate a nested set of DNA deletions in the region upstream of dksA. Oligonucleotides
oRO849 through oRO855 were used in conjunction with the oligonucleotide oRO856 to amplify
varying lengths of the dksA P3 promoter and its upstream regions (Fig. 9). Using oRO856 as the
reverse primer for all the PCR reactions, the downstream end was fixed at position +88 relative
to the dksA P3 start site. The DNA template in these reactions was plasmid pR0533, which
carries the dksA region from +48 to -1181 relative to the beginning of the dksA gene. All PCR
products maintained the dksA P3 -10 promoter region intact (Fig. 9). Starting with oRO849, we
produced DNA fragments with end-points at -350,

-250, -150, -100, -75, -48, and -25 base

pairs relative to the position of the dksA P3 transcription start site, which is designated as +1.
DNA purification.
DNA fragments generated by PCR were separated from the Template DNA and DNA
primers by gel electrophoresis in 5% polyacrylamide gels using TBE (89 mM Tris-base, 89 mM
boric acid, 2.5 mM EDTA) as the running buffer. The DNA fragments were visualized by
staining with 0.5 mM ethidium bromide and observing over a long-wavelength UV-light lamp.
Bands containing the PCR products of the expected size were excised from the gel, crushed into
a paste, and eluted from the gel by diffusion in 1 ml elution buffer (0.5 M ammonium acetate, 10
mM magnesium acetate, 1 mM EDTA, 0.1% sodium dodecyl sulfate) at 42°C for 4-16 hours.
The suspension was filtered to remove most of the acrylamide and the DNA was precipitated by
addition of 2.5 volumes of cold 95% and kept at -80°C for 15 min. DNA was then centrifuged at
14,000 rpm for 10 min and the pellets washed with 1 ml cold 70% ethanol, dried in a vacuum,
and dissolved in 20 µl TE (10 mM Tris-base, 1 mM EDTA, pH 8.0).
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DNA cloning.
DNA fragments generated by PCR were purified by electrophoretic separation followed
by gele elution using the crush and soak method. [28] The purified DNA fragments were cleaved
with EcoRI and HindIII restriction enzymes and ligated into the EcoRI and HindIII sites of
plasmid pRO556, which fuses the dksA P3 promoter to a promoterless lacZ reporter gene and
confers ampicillin resistance. Ligation reactions were performed by using a Ligase kit from New
England BioLabs, following the procedures recommended by the supplier.
Transformation.
Transformation of RJ1003 cells (CSH26 ∆lac pro ara- strr) with the various ligated
pRO556 plasmids was performed by the CaCl2 method of generating competent cells as
described. [28] Transformed cells were selected by plating on LB agar containing 100 µg/ml
ampicillin and 40 µg/ml X-Gal. Colonies carrying the dksA P3 promoters fused to lacZ grew as
ampicillin-resistant blue colonies. Blue colonies were purified by re-streaking on LB agar with
40 µg/ml X-Gal.
β-galactosidase assays.
β-galactosidase assays were conducted as described. [23] Four independent cell cultures
were grown in LB at 37°C for 4 hours to allow cells to enter stationary phase. For each reaction,
50 µl of cell suspension were mixed with 950 µl of Z buffer (60 mM Na2HPO4, 40 Mm
NaH2PO4, 10 mM KCl, 1 mM MgSO4 and 50 mM β-mercaptoethanol), 25 µl 0.1% SDS, and 50
µl chloroform. Cells were lysed by vortex for 10 seconds and incubated at 28 oC, for 5 minutes.
The reaction was initiated by addition of 200 µl of ortho-nitrophenyl-b-galactoside (ONPG) (4
mg/ml) and the initial time for the addition of ONPG was recorded. After the appearance of a
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light yellow color, the reactions were stopped by addition of 500 µl of 1 M Na2CO3, and the time
of reaction termination was recorded. Samples were centrifuged at 14,000 rpm for 5 minutes to
remove cell debris. The supernatant was transferred to a cuvette to obtain the absorbance at 420
nm and 550 nm of wavelength. To quantify β-galactosidase activity in bacteria (Miller units) we
used the following equation:

Miller Units = 1000 x [(OD420 - 1.75 x OD550)] / (T x V x OD600)
T refers to the time of the reaction in minutes (Tfinal –Tinitial). V refers to the cell volume used (in
ml). The OD600 is the cell density of the culture at the time they were sampled.
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RESULTS
Given the observation that DksA negatively regulates the dksA P1 promoter, I wished to
investigate the possibility that DksA may also regulate dksA P3. The bacterial strain RO1487 was
already at hand, which carried a chromosomal insertion of l bacteriophage DNA having the dksA
P2 and P3 promoters fused to lacZ. This same bacteriophage l was used to make a lysogen (i.e. l
bacteriophage DNA insertion into the bacterial chromosome) in the ∆dksA strain RO1250 to make
RO1494. We then examined the dksA P2 and P3 transcription activity in RO1487 and RO1494
strains to obtain an initial assessment of the effect that DksA might have on these two promoters.
dksA P2 & P3 transcription is higher in stationary phase than in exponential growth phase.
S1 nuclease and primer extension assays had previously shown that the expression of
transcripts originating from dksA P2 and P3 promoters was stationary phase-dependent (Figs. 4
and 6). To verify if the dksA P2 and P3 promoters show higher transcription activity during
stationary phase in our b-galactosidase assays, I assayed their activity at various growth stages.
The results show that transcription from the dksA P2 & P3 promoters is much higher in stationary
phase compared to logarithmic growth phase. β-galactosidase activity was highest for the wild
type strain after 16 hours of growth (3074 b-galactosidase units ) when cells are well into
stationary phase. This transcription activity is 2-fold greater than the 5-hour time interval of
growth (1513 units) and 5-fold greater than the 2-hour time interval (576 units). Therefore, our
b-galactosidase assays appear to be correctly reporting the stationary phase-dependent
transcription activity of these promoters.
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Positive effect of DksA on dksA P2 & P3 promoter.
The results shown in Figure 10 show that the transcription activity from the dksA P2 & P3
DksA effect on dksAP2

promoters is higher in wild type
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cells compared to ∆dksA cells.

strain exhibited about a 1.9-fold
higher activity than the dksA
mutant strain (WT = 576 units;
∆dksA = 300 units). After 5 hours
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After 16 hours of growth the WT
strain exhibited about 1.8-fold the
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Figure 10. Effect of DksA on dksA P2P3. β-galactosidase
activity of dksA P2P3::lacZ fusion in wild type and ∆dksA strains
during logarithmic growth (2 hours or growth) and stationary
phase (5 and 16 hours of growth). Measurements are given as an
average of three independent cultures and the error bars
represent standard deviation.

(WT = 3074 units; ∆ dksA = 1706 units). These results show that DksA has a stimulatory effect
on the transcription of either or both of the dksA P2 P3 promoters. Although the stimulatory
effect is observed at all three growth stages examined, the greatest effect is observed after 5
hours of growth, when cells are have entered an early stationary phase.

27

DksA positively affects dksA P3 transcription.
In order to more specifically assess the effect of DksA on transcription of dksA P3, I
constructed a lacZ fusion to dksA P3 without dksA P2, and placed it on the chromosome of
wild-type and ∆dksA cells as a single
600

copy. The dksA P3 promoter in this

WT
∆dksA

nucleotides, relative to the P3
transcription start site. Cells were
cultured in LB medium at an OD600 of
0.05 and grown at 37°C with aeration
for 4 hours, when cells are well into the
early stationary phase. The results of
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4 hours of growth show that the

presence of DksA exerts over a 4.5-fold Figure 11. Effect of DksA on dksA P3. β-galactosidase
stimulatory effect on dksA P3
transcription (Fig. 11).

activity of dksA P3::lacZ fusion in wild type and ∆dksA
strains during stationary phase (4 hours of growth).
Measurements are given as an average of three
independent cultures and the error bars represent standard
deviation.

Generation of a nested set of DNA deletions in the region upstream of dksA P3.
In order to determine if DNA sequences upstream of dksA P3 were involved in regulating
transcription from this promoter, a nested set of deletions was generated affecting the DNA
region upstream of dksA P3 using PCR (Fig. 9). Each of these reactions produced DNA
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fragments of the expected sizes, as demonstrated by their relative electrophoretic mobilities in
5% polyacrylamide gels (Fig. 12). These fragments were excised from the gel (Fig. 12) to purify
them from template DNA and other PCR products resulting from secondary primer annealing
events. They were then digested with EcoRI and HindIII to produce cohesive ends, and repurified by 5% polyacrylamide gel electrophoresis (Fig. 13).
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Figure 12. Polyacrylamide (5%) gel electrophoresis of PCR products carrying dksA P3. A) PCR
products with upstream end points at -350 (Lane 2), -250 (Lane 3), -150 (Lane 4) and -100 (Lane
5). The downstream position for all these PCR products is +88. Lane 1 contains a 100 bp DNA
ladder; their sizes from 100 to 600 bp are indicated on the left. The position of DNA fragments
having upstream endpoints at -350, -250, -150, and -100 are indicated on the right. B) PCR
products with upstream end points at -75 (Lane 2), -48 (Lane 3), and -25 (Lane 4). The upper right
hand portion of the gel ruptured during handling and is omitted from the image. The downstream
position for all these PCR products is +88. Lane 1 contains a 100 bp DNA ladder and their sizes
from 100 to 600 bp are indicated on the left. The position of DNA fragments having upstream
endpoints at -75, -48, and -25 are indicated on the right. All PCR products in panels A and B
contain an additional 9 bp at each end (for a total of 18 additional bp), which includes a 6 bp EcoRI
site at the upstream end and a HindIII site at the downstream end plus 3 additional bp at each end.
The bands representing the PCR products of the expected sizes in each lane that were excised for
purification are enclosed in a dashed box.
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Fig. 13. Polyacrylamide Gel electrophoresis of PCR products digested with EcoRI and HindIII.
A) Lane 1: 100 bp DNA ladder used as size standard; Lanes 2-5 contain the EcoRI and HindIIIdigested PCR products with the following upstream endpoints: -350 (Lane 2), -250 (Lane 3), -150
(Lane 4), and -100 (Lane 5). B) Lanes 6-8 contain the EcoRI and HindIII-digested PCR products
with the following upstream endpoints: -75 (Lane 6), -48 (Lane 7) and -25 (Lane 8). Bands
corresponding to the expected sizes (enclosed in dashed boxes) were excised from the gel for
purification.

Cloning of PCR products.
The pRO556 plasmid was also cleaved with EcoRI and HindIII and purified by excising
from 5% acrylamide gels (Fig. 14). The various digested PCR products were ligated into the
EcoRI and HindIII sites of pRO556 , transformed into RJ1003 cells (Table 1), and plated on LB
agar containing ampicillin and X-Gal. Blue colonies, which contained the dksA P3 promoter
fused to lacZ, were picked for re-streaking and growth in LB with 100 µg/ml ampicillin. An
example of such re-streaked blue colonies is shown for cells carrying the dksA P3 -48 to +88
fused to lacZ within pRO556 (Fig 15).
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Figure 14. Polyacrylamide (5%) gel electrophoresis of
pRO556 digested with EcoRI and HindIII. Lane 1
contains l DNA digested with BstEII as size standard.
Lane 2 contains the digested pRO556. The arrow points
to the linearized plasmid.

Figure 15. RJ1003 strain transformed with pRO556
carrying the dksA P3 -48 to +88::lacZ fusion. Four
transformants were streaked on LB agar medium
containing 100 µg/ml ampicillin and 40 µg/ml XGal.

Verification of cloned PCR fragments and formation of lysogens.
Although the appearance of the blue colonies (Fig. 15) presumed successful ligation of
each insert with the pRO556 plasmid to create dksA P3::lacZ fusions, it was important that we
verified the plasmids in these colonies for the presence of the correct inserted DNA. To this end,
we grew four different blue colonies obtained from each transformation reaction and isolated
their plasmid DNA. After digesting the plasmids with EcoRI and HindIII, electrophoretic
analysis confirmed the presence of the correct DNA sizes released from the PRO556 plasmid
(Fig. 16). Thus, we confirmed that we had successfully cloned each of the 7 different PCR
products.
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Figure 16. Polyacrylamide (5%) gel electrophoresis of cloned plasmids digested with EcoRI and
HindIII. A 100 bp ladder was loaded in Lane 1 of each panel. A) Digested plasmids with dksA
P3 having upstream endpoints at -350 (Lanes 2-5), -250 (Lanes 6-9), -150 (Lanes 10-13). B)
Digested plasmids with dksA P3 having upstream endpoints at -100 (Lanes 2-5), -75 (Lanes 6-9).
C) Digested plasmids with dksA P3 having upstream endpoints at -48 (Lanes 2-7). D) Digested
plasmids with dksA P3 having upstream endpoints at -25 (Lanes 2-6). The electrophoretic
positions of the various inserts are indicated with arrows on the right sides of the gels, according
to the position of their upstream boundaries.
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Generation of lysogens carrying dksA P3::lacZ fusions.
In order to move the different dksA P3::lacZ constructs from the plasmids onto l
bacteriophage DNA, RJ1003 cells carrying each of the seven different plasmids were infected
with bacteriophage l RS45. Cell
lysates were the screened for
bacteriophage forming blue
plaques on soft-agar containing XGal (Fig. 17). Such plaques were
picked and purified by several
cycles of bacterial infection until
all the bacteriophage formed blue

Figure 17. Recombinant bacteriophage l. Blue plaques form
in the presence of X-Gal as a result of homologous
recombination between the pRO556 plasmid carrying a dksA
P3::lacZ fusion and the bacteriophage lRS45 chromosome.

plaques. Purified recombinant
bacteriophage l were then used to
make lysogens in RO1244 (lac-)
and RO1250 (lac- dksA-) strains.
Insertion of recombinant
bacteriophage l into these strains

dksA-

dksA+

was screened by the appearance of
blue colonies on LB agar
containing X-Gal (Fig. 18).

Figure 18. Lysogens carrying recombinant l DNA are
screened by their formation of blue colonies in presence of XGal. In this example bacteriophage l carrying dksA P3 (-75 to
+88) fused to lacZ was recombined into the chromosome of
RO1244 cells (dksA+) and RO1250 cells (dksA-)
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Effect of Upstream DNA Deletions on dksA P3 Transcription.
To assess the possible effects of the DNA regions upstream of dksA P3 on its
transcription, b-galactosidase activity assays were performed on each of the lysogens carrying
the seven different deleted promoter constructs fused to lacZ. Saturated cultures were
subcultured in LB medium at an OD600 of 0.050 and grown for 4 hours at 37°C (when cells are in
early stationary phase), at which time b-galactosidase assays were done. The results show that
transcription activity is higher in the presence of DksA than in its absence for all the deleted
DNA constructs (Fig. 19). These observations confirm the positive effect of DksA on the
transcription of dksA P3.

Figure 19. Effect of Upstream DNA Deletions on dksA P3 Transcription. The top line shows the
results in the presence of DksA (RO1244 strain) and the bottom line in the absence of DksA (RO1250
strain). The X-axis represents the positions of the upstream boundaries (-350, -250, -150, -100, -75, 48, -25) and the Y-axis represents the b-galactosidase activity. Results are given as an average of three
independent cultures; error bars represent standard deviations.
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Deletion of sequences upstream of position -150 showed no effect on the transcription
from dksA P3. However, deletion of the DNA region upstream of position -100 resulted in a 2.7fold increase in transcription activity (Fig. 19), suggesting that DNA sequences in this region
somehow contribute toward negative control of transcription. Conversely, deletion of the DNA
region upstream of position -75 resulted in a decrease in 3.2-fold reduction in transcription
activity, suggesting that DNA sequences in this region contribute toward positive control of
transcription. These results were verified with two additional experiments indicating that they
are very reproducible.
Deletion of the DNA regions from -48 to -75 and from -25 to -48 showed minimal
changes in transcription activity (Fig. 19). This suggests that DNA sequences in this region do
not contribute significantly to the transcription of dksA P3, at least not under the growth
conditions used in these studies. It should be noted that the deletion boundary set at position -25
removes any of the original DNA sequences that could potentially serve as a -35 promoter
region. Hence, the results indicate the dksA P3 promoter does not rely on a -35 promoter region
for its transcription.

35

DISCUSSION
DksA is a bacterial transcription factor that, along with ppGpp, binds to RNA polymerase
to regulate transcription of a number of genes during several stress conditions, such as limited
amino acids and nutrients. [22, 25, 30] It negatively regulates transcription of some genes, such as
those for ribosomal RNAs and the global gene regulator fis, and positively regulates transcription
of a number of other genes involved in the cellular response to stress, including genes involved
in amino acid biosynthesis [1, 26] Understanding how the expression of DksA itself is regulated is
important to our more general understanding of how cells respond and adapt to various
conditions of stress. Current work in our lab has shown that three major promoters, a σ70
dependent P1 promoter and two RpoS-dependent promoters (P2 and P3), regulate the transcription
of dksA. Whereas significant progress has been made in uncovering mechanisms by which the
dksA P1 is controlled, very little is known about the regulation of the dksA P2 and P3 promoters.
Both the P2 and P3 promoters are dependent on the stress sigma factor RpoS (also known as the
stationary phase sigma factor). The P2 promoter displays a transient stimulation during the time
of growth of a culture when cells are entering stationary phase, while the P3 promoter is activated
during entry into stationary phase and then remains active for a much longer period of time in
stationary phase (as much as 16 hours in stationary phase). The dksA P3 promoter seems to play
an important role in ensuring that sufficient levels of DksA are produced during long-term
stationary phase. While the regulation of both the P2 and P3 promoters deserve further
investigation, this work focused on expanding our understanding of the P3 promoter.

Our studies on the dksA P3 promoter were based on b-galactosidase activity assays of
various dksA P3::lacZ fusions present on the bacterial chromosome. The legitimacy of these
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assays for these studies is supported by our observation that the transcription activity of these
promoters (based on these assays) was substantially higher in stationary phase compared to the
exponential growth phase (Fig. 10), as was previously seen with its transcript levels based on S1nuclease and primer extension assays (Figs. 4 and 6). Based on the results obtained from this
work we learned that 1) the dksA P3 promoter does not require a specific DNA sequence to
function as the -35 promoter region, 2) DksA acts to positively regulate its transcription, and 3)
sequences upstream -75 and of -100, appear to play important transcriptional regulatory roles.

dksA P3 promoter does not require a -35 promoter region.

The dksA P3 transcript initiates with a G nucleotide positioned 475 nucleotides upstream of the
start of the dksA gene (Fig. 6). Identification of a consensus sequence for the RpoS promoter has
been challenging because of their promoters usually exhibit substantial similarity to the σ70
promoter sequence (TTGACA N17 TATAAT). Evidence for an important role for a specific -35
promoter sequence promoter sequence has been reported for a set of RpoS-dependent promoters.
[39]

On the other hand, there are reports of RpoS promoters that do not rely on a -35 promoter

sequence. Such promoters tend to have a C nucleotide preceding the -10 promoter region. [16, 18,
38]

Variations of RpoS -10 consensus sequences of promoters that do not seem to require a -35

promoter region are TG N0-2 C (C/T) ATA (C/A) T [16] and CTAcacT (underlined nucleotides
correspond to a possible σ70 -10 promoter region). [16, 18] The transcription start site is typically in
the range of 6-8 nucleotides downstream of the -10 promoter region.
Upon inspecting the sequence preceding the dksA P3 transcription start site, we identify
the sequence TGCTATATTnnnnnG. The G nucleotide is the start of transcription. The
underlined sequence corresponds to the similarity to the σ70 -10 promoter sequence. The bold
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nucleotides represent matches to both proposed -10 promoter regions to RpoS promoters.
However, the sequence located 16-18 bases upstream of the -10 region shows no discernible
similarity to a σ70 -35 promoter region (Fig. 7). There is a reasonable match to the -35
consensus sequence (TTGCAG; matches to consensus are underlined) with a spacing of 21 bp
from the -10 region. However, this distance is far from the optimal 17 bp distance to be expected
to make a strong contribution to promoter function.
Our results show that a deletion of the sequence upstream of -25 had minimal effects on
the transcription activity of dskA P3, compared to a deletion of the region upstream of the
positions -48 or -75 (Fig. 19). This suggests that the dksA P3 promoter does not require a
specific DNA sequence in the -35 region. Thus, is appears as if the extended -10 promoter
sequence is sufficient for the recognition by the RpoS sigma factor.
DksA stimulates transcription of dksA P3 promoter.

Our results showed that the presence of DksA had about a 4.5-fold stimulatory effect on
the transcription of the dksA P3 promoter during early stationary phase (Fig. 11). We also
noticed a DksA stimulatory effect when both the P2 and P3 promoter were fused together with
lacZ gene (Fig. 10). In this case, the greatest DksA stimulatory effect was observed after 5 hours
of growth, when cells are in early stationary phase. The positive effect by DksA was about 1.9fold in exponential growth phase (2 hours of growth), 3.7-fold in early stationary phase (5 hours
of growth), and 1.8-fold in late exponential growth phase (10 hours of growth). This pattern of
DksA effect is consistent with our observed cellular DksA expression pattern (Fig. 3) and the
RpoS expression pattern. During mid-exponential growth phase (e.g. 2 hours of growth in LB),
cellular DksA levels are high and RpoS levels are low. At this stage, dksA P3 P2 transcription is
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restricted by the low concentration of RpoS, which in turn restricts the ability of DksA to
stimulate transcription. During early stationary phase (e.g. 5 hours of growth in LB), DksA
levels are relatively high (~70% maximal levels) and RpoS levels are high, which presents
optimal conditions for DksA stimulation of transcription. [3, 13] During late stationary phase (e.g.
16 hours of growth in LB) RpoS levels are high and DksA levels are relatively low. Under these
conditions, transcription activity continues to be high but the DksA stimulatory effect is reduced.

The observation that the dksA P2 and P3 promoters together show higher transcription
activity during stationary phase than dksA P3 alone is consistent with the observation that both
promoters are stimulated by the stationary phase-sigma factor RpoS. It is unclear from our
results if dksA P2 is also stimulated by DksA. The observation that the stimulation by DksA
(3.7-fold) when both the P2 and P3 promoters are assayed together is lower than the DksA
stimulation (4.5-fold) when only dksA P3 is present suggests that the DksA stimulation at dksA
P3 is greater than that at dksA P2 after 5 hours of growth.

The stimulatory effect of dksA P3 by DksA is opposite to the repression effect it has on
the stronger dksA P1 promoter. Thus, DksA plays a dual effect on the regulation of dksA
transcription. We propose a role for DksA in facilitating the switch from dksA P1 to dksA P3
during the late-exponential growth phase and entry into the stationary phase, when DksA and
RpoS levels are high.
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Role of DNA sequences upstream the P3.

A nested set of deletions upstream of the dksA P3 promoter was generated using PCR and
fused to the lacZ reporter gene with the goal of identifying upstream DNA sequences affecting
the transcription of this promoter. The results showed that deletion of the region upstream of 150 had negligible effects on transcription, but deletion of the DNA region upstream of -100
resulted in a 2.7-fold increase in transcription. This suggests that the DNA region from -100 to 150 somehow contributes to a negative regulation of the promoter. Conversely, deletion of the
region upstream of -75 resulted in a 3.2-fold decrease in transcription, suggesting that the DNA
region from -75 to -100 contributes to a positive regulation of the promoter. Regulatory DNA
sequences near the promoter are often binding sites for transcription regulatory proteins. Thus,
we compared the DNA sequence in these two regions to consensus sequences obtains from DNA
sequence matrices for 55 DNA binding proteins in E. coli and found imperfect matches to
several consensus sequences. [29] A DNA sequence the region from -113 to -97
(TcaGAACtgTcaggCTA matches to consensus shown in bold font) bears resemblance to the
consensus sequence for the binding of SoxS (AnnGCAYnnWnnnnCWA) (Fig. 20). SoxS is a
dual transcription regulator that functions in the expression of genes involved in the removal of
superoxide and nitric oxide. It is also involved in protection from organic solvents and
antibiotics. [7]
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Figure 20. Potential Regulatory Sites Upstream of the dksA P3 Promoter. Shaded in green is the
region upstream of -100, which when deleted, resulted in an increase in transcription. In this region, a
DNA sequence that closely matches the consensus sequence for the SoxS binding site, a transcription
regulator, was identified. The red fonts represent 7 matches to the consensus sequence and the blue
fonts are 2 miss-matches. Another reasonable match to the consensus sequence for the LexA binding
site was also found. The red fonts represent 10 matches to the consensus sequence and the blue fonts
are 8 miss-matches. Shaded in purple is the region upstream of -75, which when deleted, resulted in a
decrease in transcription. In this region we identify an almost perfect match to the consensus sequence
for the transcription activator cpxR. The red fonts represent 9 matches to the consensus sequence and
the blue font is the only (1) miss-match.

In the DNA region from -109 to -92 there is also a sequence
(AACTGTcaggcTATagctCg; matches to consensus are shown in bold) with a reasonable match
to the consensus sequence for the LexA binding site (WACTGTatataWAWnCAGYW) (Fig. 20).
LexA is a DNA-binding repressor protein involved in the SOS response to DNA damage. In
response to DNA damage, the RecA protein is activated and induces a proteolytic cleavage of
LexA to inactivate this protein, thus relieving its repression effects. [19] Both of these potential
binding sites would be disrupted by deleting the region upstream of -100. Therefore, it is
possible that one or both transcription regulators may act to repress transcription of dksA P3.
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In the region from -87 to -73, there is a nearly perfect match (GAAAAgcgaaGTAAA,
matches to consensus shown in bold) to the consensus sequence for the transcription activator
cpxR (GTAAAnnnnnGTAAA). This activator stimulates transcription of genes involved in
various functions such as envelope stress response, oxidative stress, copper-responsive system,
biofilm formation and multi-drug resistance. [8] This raises the possibility that cpxR binding to
this region activates transcription of dksA P3 promoter. Deleting this region would disrupt the
binding site for cpxR, resulting in a decrease in transcription. It is interesting to note that all three
of these regulators are involved in the response to different conditions of stress, which can
potentially also effect the regulation of DksA in E. coli.

dksA P3 promoter potential as a stress-responsive promoter.
Our lab has shown that dksA P3 is dependent on RpoS, which is known as the stress
sigma factor because of its role in stimulating the transcription of many stress-related genes. [5]
Under conditions of stress, the levels of RpoS increase. RpoS-dependent gene expression leads
to general stress resistance of cells. [5]

As cells undergo rapid growth during exponential phase, the dksA P1 promoter activity
leads to high levels of DksA, which then acts as a negative regulator of dksA P1. As cells
experience environmental stress, deprived of nutrients, or enter stationary phase as a result, RpoS
levels increase. The high levels of RpoS outcompetes σ70 for binding to the RNA polymerase
core enzyme, resulting in a shift in transcription from dksA P1 to dksA P3. DksA collaborates
with RpoS in this process as it represses dksA P1 and stimulates dksA P3. The stress response
regulator ppGpp, is also known to repress dksA P1 transcription together with DksA [25, 26] We
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have not yet examined the role of ppGpp on the dksA P3, but we suspect that ppGpp will have a
stimulatory effect on this promoter directly or indirectly. It is known that ppGpp stimulates the
expression of RpoS, so an indirect positive effect by ppGpp on dksA P3 may be expected. [5]
Thus, a picture is emerging in which conditions of stress promote a switch from the very strong
dksA P1 to the relatively weaker dksA P3 promoter. The possible involvement of various stressrelated transcriptional regulators in the control of dksA P3, would further support this idea. This
promoter switch results in lower cellular DksA levels.

Since DksA is involved in the survival to various conditions of stress, how then do cells
benefit by lowering the levels of DksA during stress? A clue to this question may come from the
finding that DksA regulates numerous genes in the absence of ppGpp. [1] A decrease in DksA
levels under conditions of stress may diminish many of these DksA-regulatory functions. On the
other hand, it has been shown that ppGpp and DksA act synergistically to regulate transcription
of a number of stress-related genes. This means that lower levels of DksA may be sufficient to
carry out the ppGpp-dependent regulatory effects. Thus, under conditions of stress when ppGpp
and RpoS levels increase, a switch from the dksA P1 to the P3 promoter would be expected to
lower the levels of DksA so that the gene regulatory role of DksA is diverted from one set of
genes functionally unrelated to stress to another set of genes required in the stress response.

Possible pathway for DksA stimulation of dksA P3
DksA may be envisioned to have a direct or indirect role in stimulating the transcription
of dksA P3. In a direct role, DksA-binding to RNA polymerase associated with RpoS (perhaps
involving ppGpp-binding to RNA polymerase) would more efficiently initiate transcription from
dksA P3, similarly to how it is able to stimulate transcription of various amino acid-biosynthetic
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genes. [26] If this were the case, this would represent the first example of DksA working with a
RpoS-associated RNA polymerase to stimulate transcription. DksA may also be envisioned to
play an indirect role in stimulating dksA P3 (Fig. 21). In this approach, DksA stimulates and
increases RpoS levels, which in turn increases transcription of dksA P3. [5] DksA will also act as a
negative regulator to the P1. Work in our lab has also shown that elevated levels of RpoS has a
repressing effect on dksA P1. The stress alarmone, ppGpp can also stimulate dksA P3 indirectly
through its stimulation of RpoS.

Escherichia coli
STRESS!

ppGpp

2
DksA

2
4

RpoS

3
RNAP

1

3

P3

P1
dksA

Figure 21. Potential pathway of dksA P3 regulation in response to stress. 1) Under conditions of stress,
high ppGpp levels act together with DksA to repress transcription of dksA P1. 2) DksA and ppGpp
stimulate production of RpoS. 3) High RpoS levels promote a shift in transcription from dksA P1 to dksA
P3. 4) DksA binding to RNA polymerase (with or without ppGpp) may directly stimulate dksA P3
transcription. The result is a lower level of dksA transcription, leading to lower levels of DksA under
conditions of stress. Together with ppGpp, the low DksA levels may function primarily in gene regulatory
processes that support the survival to stress.
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Future Directions

We also showed that certain upstream sequences affect dksA P3 transcription, which may
act as binding sites for SoxS, LexA and cpxR (all involved in the response to different conditions
of stress). In order to determine if these regulators affect dksA P3 transcription, we plan to compare
the dksA P3 transcription in WT, DsoxS, DlexA, and DcpxR strains. Another approach is to create
mutations that disrupt the match to the consensus sequences for these proteins and test their effects
on dksA P3. Another future aim is to examine the role of ppGpp in the transcription of dksA P3.
We hypothesize that it will have a stimulatory effect. Transcription of dksA P3 will be compared
in WT and ∆relA ∆spoT double mutant strains. Finally, not much is yet known about the
regulation of dksA P2. Experiments similar to the ones conducted in this work may be applied also
to this promoter as an initial approach study this promoter. The work presented here has taken us
a step closer toward better understanding the various mechanisms by which DksA is regulated in
the cell.
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